Background: A recent epidemiological study demonstrated a reduced risk of lung cancer mortality in breast cancer patients using antiestrogens. These and other data implicate a role for estrogens in lung cancer, particularly nonsmall cell lung cancer (NSCLC). Approximately 61% of human NSCLC tumors express nuclear estrogen receptor β (ERβ); however, the role of ERβ and estrogens in NSCLC is likely to be multifactorial. Here we tested the hypothesis that proteins interacting with ERβ in human lung adenocarcinoma cells that respond proliferatively to estradiol (E 2 ) are distinct from those in non-E 2 -responsive cells. Methods: FLAG affinity purification of FLAG-ERβ-interacting proteins was used to isolate ERβ-interacting proteins in whole cell extracts from E 2 proliferative H1793 and non-E 2 -proliferative A549 lung adenocarcinoma cell lines. Following trypsin digestion, proteins were identified using liquid chromatography electrospray ionization tandem mass spectrometry (LC-MS/MS). Proteomic data were analyzed using Ingenuity Pathway Analysis. Select results were confirmed by coimmunoprecipitation. Results: LC-MS/MS identified 27 non-redundant ERβ-interacting proteins. ERβ-interacting proteins included hsp70, hsp60, vimentin, histones and calmodulin. Ingenuity Pathway Analysis of the ERβ-interacting proteins revealed differences in molecular and functional networks between H1793 and A549 lung adenocarcinoma cells. Coimmunoprecipitation experiments in these and other lung adenocarcinoma cells confirmed that ERβ and EGFR interact in a gender-dependent manner and in response to E 2 or EGF. BRCA1 interacted with ERβ in A549 cell lines and in human lung adenocarcinoma tumors, but not normal lung tissue. Conclusion: Our results identify specific differences in ERβ-interacting proteins in lung adenocarcinoma cells corresponding to ligand-dependent differences in estrogenic responses.
Background
A recent epidemiological study reported reduced risk of lung cancer mortality in breast cancer patients using antiestrogens, suggesting further study is needed to examine the potential of antiestrogens to reduce lung cancer risk [1] . The role of estrogens in lung cancer initiation and disease progression remains unclear; however, estrogens are known to induce differentiation and maturation of normal lung tissue [2, 3] . Some epidemiologic data indicate that women have a higher risk of lung adenocarcinoma, a type of non-small cell lung cancer (NSCLC), compared to men [4, 5] . A positive correlation between post-menopausal estrogen replacement therapy, smoking, and lung adenocarcinoma was reported in one study [6] . The mechanisms underlying the apparent role of gender and estrogens in NSCLC is not yet understood [7] . Local estrogen production may play a role since NSCLC carcinomas had higher estradiol (E 2 ) concentrations compared to the corresponding non-neoplastic lung tissues from the same patient, regardless of gender [8] . E 2 concentrations correlated with aromatase (CYP19A1) mRNA, but not with estrogen receptor α or b (ERα or ERβ) staining [8] . E 2 concentration was positively associated with tumor size and Ki-67 staining in ERβ-positive NSCLC tumors from male patients but not postmenopausal female patients [8] . Likewise, cytosolic ERβ was a prognostic indicator of reduced survival in male, but not female NSCLC tumors [9] . Aromatase and ERβ expression were correlated, reflecting a more differentiated and less invasive phenotype [10] .
Estrogens may contribute to lung tumorigenesis through mechanisms involving genomic, membraneinitiated, and mitochondrial ER-regulated activities. ERs bind directly to estrogen response elements (EREs) or interact with other DNA-bound transcription factors, e. g., AP-1, Sp1, and NF-B, via a "tethering mechanism" [11, 12] . These interactions recruit coregulators and either activate or suppress gene transcription in a ligand-and gene-specific manner (reviewed in [13] ). A second mechanism by which estrogens regulate cell function is by a membrane-initiated, 'pre-genomic' or 'nongenomic' signaling pathway involving activation of intracellular protein kinases, e.g., PI3K, MAPK, JNK, within minutes of treatment. These rapid signaling events are mediated through plasma membrane-associated ERα and/or GPR30/GPER [14] and involve crosstalk with other plasma membrane receptors, e.g., EGFR and IGF-R [12, [15] [16] [17] . ERβ is in mitochondria of NSCLC cells [18] [19] [20] [21] . ERβ interacts with proapoptotic Bad in a ligand-independent manner protecting NSCLC cells from apoptosis-inducing agents, e.g., cisplatin [20] . These data indicate that downregulating ERβ may be beneficial in NSCLC.
Both ERα and ERβ are expressed in normal lung tissue and in lung adenocarcinomas [18, [21] [22] [23] [24] [25] . ERβ is the predominant ER subtype in adult human lung and ERβ expression is higher in lung adenocarcinoma than in normal lung tissue [26] [27] [28] . Interestingly, men with ERβ-positive tumors had a significant reduction in mortality compared with those with ERβ-negative tumors; whereas women with ERβ-positive tumors exhibited increased mortality [29] . Studies from our lab showed that E 2 did not stimulate estrogenic responses, including proliferation, in normal lung bronchial epithelial cells [18] , but stimulated proliferation of lung adenocarcinoma cell lines from females, but not males, through genomic ER regulation [22] . E 2 had no effect on the intracellular distribution of ERβ and showed no gender difference [18] . Since the biochemical function of ERβ in lung adenocarcinoma is unknown, the identification of ERβ interacting proteins is essential to dissect ERβ's role in the lung cancer progression.
Since ERβ's discovery in 1996 [30] , 47 proteins have been reported to interact with ERβ including DP97 DEAD-box RNA helicase [31] , SHP [32] , BCAS2 [33] , the p160 coactivator SRC-1/NCOA1 [34] , and other coregulators (reviewed in [13] ),. Additional proteins that interact with ERβ in the cytoplasm including STAT 1, 3 and 5 [35, 36] , calmodulins 1, 2 and 3 [37] , and AKT [38] . ERβ interacts with Bad in mitochondria [20] . Surprisingly, to the best of our knowledge, no one has analyzed ERβ-interacting proteins using a proteomics approach in NSCLC cells derived from female versus male patients.
The goal of the present study was to identify ERβ-interacting proteins in lung adenocarcinoma cells and how E 2 affects the identity of ERβ-interacting proteins. Here we describe the identification of ERβ-interacting proteins using immunoaffinity precipitation followed by mass spectrometry analysis and characterization of ERβ-interacting proteins. Identification of ERβ-interacting proteins may lead to new understandings of the role of ERβ in lung cancer.
Materials and methods

Antibodies
Antibodies (ab) were purchased as follows: ERβ (H-150), EGFR (1005), and HDAC (H-51)from Santa Cruz Biotechnology; ERβ (06-629), calmodulin (05-173), and BRCA1 (07-434) from Millipore; FLAG, β-actin (ACTB) from Sigma, α-tubulin (Ab-2) and EGFR (Ab-13) from Thermo-Fisher Scientific.
Cell lines and treatment
NCI-H1793, A549, NCI-H1792, and NCI-H1944 were purchased from ATCC and maintained as previously described [22] . Prior to treatment, cells were placed in phenol red-free media supplemented with 5% dextrancoated, charcoal-stripped FBS (DCC-FBS) for 72 h. Cells were treated with ethanol (EtOH, a vehicle control), 10 nM E 2 , 100 nM 4-OHT, 10 ng/ml EGF or combination for 1 h prior to harvest. Whole cell extracts (WCE) were prepared in NP-40 IP buffer containing 50 mM Tris, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA and protease and phosphatase inhibitors added fresh prior to harvest.
Sources of patient samples
8 samples of normal (N) or tumor (T) lung tissue from NSCLC patients were supplied by Fox Chase Cancer Center https://studies.fccc.edu. The gender distribution of the samples was 4 women and 4 men. The median age was 67.5 years for women and 69.5 years for men. NSCLC tumors were adenocarcinomas, stages 1 A or B with grade types poorly, moderate or well differentiated (Table 1) .
Affinity purification of rhFLAG-ERb interacting proteins 1 mg of WCE from H1793 and A549 was preincubated with 355 fmol rhFLAG-ERβ [39] for 1 h at 4°C and then incubated with EZview™ Red ANTI-FLAG-M2 affinity beads (Sigma) overnight at 4°C with rotation. The beads were sedimented, rinsed with 500 μl of ice cold TBS buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl, 1 mM EDTA, 0.5% NP-40) three times. FLAG-ERβ and its associated proteins were eluted with 6 M urea and identified by mass spectrometry (Additional file 1, Figure  S1 ). For validation of the specificity and efficiency of ERβ interaction with ANTI-FLAG-M2 affinity beads, 10 μl of the eluted protein complex was resolved on 10% SDS gels and transferred to PVDF membranes that were probed with anti-ERβ H150 antibody (Santa Cruz) (Additional file 2, Figure S2 ). A band of~60 kDa corresponding to the long form of ERβ1 was identified in the ethanol (EtOH, vehicle control) and E 2 -treated H1793-and A549-rhFLAG-ERβ pull-down lanes but not in the lanes without added FLAG-ERβ. A lower MW band in the A549 samples is nonspecific, perhaps IgG (Additional file 2, Figure S2 ). The efficiency of FLAG-ERβ elution was 79.4 ± 4.4% (Additional file 2, Figure S2 ).
Protein Identification by LC-MS/MS
Protein samples from immunoprecipitation were dried by speedvac and dissolved with 8 M urea in 50 mM NH 4 HCO 3 (pH 8). The samples were reduced with dithiothreitol, alkylated with iodoacetamide, diluted with 50 mM NH 4 HCO 3 and digested with sequencing grade modified trypsin (Promega, Madison, WI) at 37°C overnight. The digests were desalted with C 18 spin column (Pierce, Rockford, IL), concentrated by speedvac, loaded on to a C 18 nanoAcquity UPLC Trap column (Waters, Milford, MA), and then peptides in the samples were separated with a C 18 nanoAcquity UPLC capillary column (Waters) with an acetonitrile and 0.1% formic acid gradient by a nanoAcquity LC system from Waters. The eluted peptides were directed to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) via a Triversa Nanomate system from Advion Biosciences (Ithaca, NY) and MS/MS spectra of the peptides were acquired by data dependent scan with mass resolution of 100,000 and 7,500 in MS and MS/MS mode respectively. The database search was performed by Proteome Discoverer 1.2 from Thermo Fisher Scientific with Sequest algorithm and the most current version of SwissProt database (Feb 8, 2011) . High confident peptide matches of at least two different peptides are required for positive protein identification and XCorr scores > 1.9, 2.3 and 2.6 were considered high confident peptide matches for charge state 2, 3, and 4 of precursor ions respectively.
Protein pathway analysis
Proteomic data were analyzed using Ingenuity Pathway Analysis (IPA) http://www.ingenuity.com. Networks were generated using gene identifiers that were uploaded into IPA.
Co-immunoprecipitation and western blot 300 μg of WCE, cytoplasmic or nuclear extracts (CE or NE) were preincubated with rhFLAG-ERβ and then added to EZview™ Red ANTI-FLAG-M2 affinity beads using immunoprecipitation protocol. For analysis of endogenous ERβ, 300 μg WCE or 100 μg of CE and NE were preincubated with ERβ ab (06-629) overnight at 4°C and then added to ChIP-grade Protein G agarose beads (Cell Signaling). Proteins were eluted with Laemelli buffer and boiled. 1/2 of the volume of the eluted proteins was separated on 10% SDS gels and transferred to PVDF membranes. 30 μg of the starting WCE, CE or NE served as an input control. Super Signal West Pico Chemiluminescent Substrate (Pierce) was used to detect protein bands on Kodak BioMaxML film or a Carestream Imager. Un-Scan-It 6.1 for Windows (Silk Scientific) was used to digitalize and analyze the relative amounts of protein, based on pixel density, in the film immunoblot bands. Carestream molecular imaging software was used to analyze digital images.
Immunofluorescence Staining
The H1793, H1792, H1944 and A549 cells were grown on coverslips. Before fixation, the cells were incubated 
Results and Discussion
Identification of ERb interacting proteins by LC-MS/MS mass spectrometry analysis
A functional proteomic approach, summarized in Additional file 1, Figure S1 , was used to identify proteins interacting with ERβ in two representative lung adenocarcinoma cell lines: H1793 and A549, derived from a female and male patient respectively. In brief, H1793 and A549 cells were incubated in phenol redfree medium in 5% charcoal-stripped serum for 3 days and then treated with EtOH or 10 nM E 2 for 1 h. Whole cell extracts (WCE) were incubated with partially purified, baculovirus-expressed recombinant FLAG-ERβ1. We acknowledge that additional ERβ-interacting proteins might have been identified if we had overexpressed FLAG-ERβ in the cells, treated the cells with EtOH versus E 2 and done the IP from these transfected cells. Reasons that we did not do the experiment this way include differences in transfection efficiency between the two cell lines and a concern as to how ERβ overexpression would affect endogenous protein expression in the cell lines. The specificity of FLAG affinity capture and elution of the FLAG-ERβ protein was demonstrated by western blot (Additional file 2, Figure S2 ). The lower MW band recognized by the ERβ H150 antibody in the A549 WCE was nonspecific.
The eluted FLAG-ERβ-protein complexes were subjected to trypsin digestion followed by analysis by liquid chromatography tandem mass spectrometry (LC-MS/ MS). Biological replicates were performed to assess reproducibility. A summary of the results is shown in Venn diagrams ( Figure 1 ). Twenty-seven individual proteins interacting with ERβ were identified in WCE from A549 and H1793 cells (Additional file 3, Table S1 ).
Recently, an LC-MS/MS approach identified 264 and 303 nuclear proteins associated with TAP-tagged ERα [40] and TAP-tagged ERβ [41] in MCF-7 breast cancer cells. We compared those data with our list of ERβ-associated proteins and found 6 common ERβ interacting proteins. We also found 9 proteins in our ERβ data set and that were previously reported to be ERα interacting proteins [40] . Common proteins to our ERβ interacting proteins data set and the ERα-and ERβ-associated proteins in MCF-7 cells include histones, calmodulin, hsp60, hsp70, β-actin (ACTB), and vimentin (Table 2 ). For EtOH-and E 2 -treated H1793 cells, 15 and 17 proteins were identified, respectively, with 6 proteins in common including hsp60 and histone H2A (Figure 1B, Table 2 , Additional file 4, Table S2 ). For 4-OHT-treated H1793 cells, 10 proteins were identified, with 4 proteins in common with EtOH or E 2 -treated cells including hsp60, 40S ribosome, and tubulin. Unique 4-OHT/ERβ interacting proteins include γ-actin, 14-3-3ε protein and hsp90 (Additional file 5, Table S3 ). For EtOH-and E 2 -treated A549 cells, 12 proteins were identified in each treatment with 9 proteins in common including tropomyosin, histone H4A, hsp60, and calmodulin ( Figure 1B , Table 2 , Additional file 6, Table S4 ). Five ERβ-interacting proteins, i.e., β-actin, hsp60, myosin9, RPS3, and tubulin beta-2, were detected in both H1793 and A549 cells with EtOH and E 2 treatment (Additional file 6, Table S4 ). Interestingly, E 2 stimulates hsp60 expression and hsp60 plays a role in mitochondrial protein import and macromolecular assembly [42] . Others have established a role for ERβ in mitochondrial function [43] [44] [45] [46] . 
Bioinformatic analysis of ERb-interacting proteins
The proteomic data was analyzed using IPA to identify cellular distribution, canonical pathways, and functional groupings.
Subcellular distribution of ERb interacting proteins
First, the cellular localization of all identified ERβ-interacting proteins was examined using IPA ( Figure 2A ). IPA revealed most ERβ-interacting proteins are cytoplasmic (59-84%, respectively) with~8-27% localized in the nucleus (Figure 2A ). There is a clear distinction in subcellular localization in ERβ-interacting proteins between H1793 and A549 cells. More ERβ-interacting proteins were nuclear-localized in H1793 than in A549 cells. E 2 increased the number of ERβ-interacting cytoplasmic proteins in both cell lines cells (Figure 2 ).
Bioinformatic analysis of ERb-interacting proteins
IPA was used to assign identified ERβ-interacting proteins into different molecular and functional classes based on biological evidence from the IPA literature database. IPA of ERβ interacting proteins identified by LC-MS/ MS revealed "cellular movement" and "cell morphology" as the most representative molecular functional classes in EtOH-and E 2 -treated H1793 and A549 cells ( Figure  2B ). In addition, the "cellular assembly and organization" functional class was noted in EtOH-and E 2 -treated H1793 cells and in the EtOH-treated A549 cells. Proteins in the "cell-to-cell signaling and interaction" functional class were detected in EtOH-treated cells.
Interestingly, and in agreement with estrogen's roles in cellular functions in other cell types [47] and in these cell lines [18, 21, 22, 39] , in E 2 -treated H1793 and A549 cells, the functional class of cellular assembly and organization was noted ( Figure 2B ). The major differences in categorization of the ERβ-interacting proteins in H1793 versus A549 cells was the presence of the "cell cycle" class in EtOH-and E 2 -treated in A549 cells and "cell death" class in E 2 -treated A549 cells, but not in H1793 cells. Interestingly, the ERβ-interacting proteins from EtOH-treated H1793 cells were included in the "DNA replication, recombination and repair" class including MYH9 (organization of single fibers), VIM (morphology of nuclear matrix), and RAN (assembly nuclear envelope) proteins https://analysis.ingenuity.com/ ( Figure 2B ). In addition, MALDI-TOF mass spectrometry analyses (data not shown) identified another ERβ interacting protein with DNA repair function [48, 49] : BRCA1 (4 sequenced peptides that match the full length protein, but with a low score 3.1. These DNA repair proteins (MYH9, VIM, RAN, and BRCA1) were selected for bioinformatic characterization (Additional file 7, Figure  S3 ). IPA was performed on this protein set to identify associated functional network(s). The top representative function was cancer-related network with a score of 18.
As expected, IPA identified "cancer and genetic disorders related proteins" in the ERβ-interacting proteins ( Figure 2C ). Table 3 summarizes the IPA correlation of the identified ERβ-interacting proteins with cancer, including lung cancer. Notably, 13 proteins were linked to tumorigenesis, e.g., EEF1A1, hsp70, RAN, vimentin, H1793 and A549 cells were treated for 1 h with EtOH (vehicle) or 10 nM E 2 and FLAG-ERβ-interacting proteins were immunocaptured, eluted, and trypsindigested as described in Additional file 1, Figure S1 . Trypsin-digested eluates were subjected to LC-MS/MS peptide identification (see Additional file 4, Table S2 ).
Proteins are listed from highest to lowest score within each cell line/treatment group. The literature citations for previous identification of these proteins as interacting with ERβ and ERα are provided from the Human Protein Reference Database (HPRD, www.hprd.org) databases and Tarallo et al. [40] .
and β-actin. The proteins associated with NSCLC include EEF1A1 and vimentin (Table 3) . IPA pathway analysis was used to group ERβ-interacting proteins detected by LC-MS/MS into functional networks to determine the cellular activities that may be regulated by ERβ in lung cancer cells. For proteins identified in the cellular assembly and organization network (with the top score of 56), the NFB signaling pathway linked many of the ERβ-interacting proteins, including VIM, HSPD1 (hsp60), and HSPA1L (hsp70). The resulting network also covered several "branches" including a direct interaction of ERβ and nuclear proteins affecting chromatin structure and gene regulation including those identified by LC-MS/MS, i.e., nucleolin and histones (Table 2 , Additional file 8, Figure S4) .
Finally, IPA was used to identify the differences in functional networks of ERβ-interacting proteins between H1793 and A549 cells treated with EtOH or E 2 . For EtOH-treated H1793 cells, the top network (score 31) was "tissue development, cell morphology and genetic disorders" and the pathways were linked to ERK1/2 and NFB signaling pathways (Additional file 9, Figure S5 ). For E 2 -treated H1793 cells, the top network was "cellular function and maintenance" (score 47) and the pathways were linked not only to NFB and ERK1/2, but also to the FSH pathway (Additional file 9, Figure S5 ) by the ERβ-interacting proteins HSPD1 (hsp60), HSPA1L (hsp70) and tropomyosins (TPM4 and 3). Tropomyosins are involved in cell movement and act as interpreters of the local signaling environment in human cancer cells [50] . For EtOHtreated A549 cells, the top network of ERβ-interacting proteins was "cell-to-cell signaling and interaction" (score 34), which was linked to the FSH pathway by Ca 2+ , tropomyosin (TPM1), calmodulin (CALM), β-actin (ACTB) and transforming growth factor β 1 proteins (TGFβ1) (Additional file 10, Figure S6 ). For E 2 -treated A549 cells, the top network was "drug metabolism, endocrine system development and function" (score 31), which was linked first to FSH and steroid hormones pathways and secondarily to EGFR and TGFB1 (Additional file 10, Figure S6 ). Moreover, mass spectrometry identified EGFR in control-and E 2 -treated H1793 cells with 5 sequenced peptides that matched the full length EGFR, but with maximum score 4.4. These data indicate that ERβ cross-talks with the EGF signaling pathways by its interaction with EGFR, a result commensurate with a report that ERβ interacts with EGFR in human REN mesothelioma cells [51] . Additionally, ERα interacts with EGFR in MCF-7 breast cancer cells [52] . The mechanism of EGFR-ER cross-talk involves ERK1/2 activation, resulting phosphorylation of ser105 ERβ which plays an important role in its ligand-independent activation, nuclear localization, and transcriptional activity [53] . 
Validation of MS/MS Data by Western blotting and Reciprocal Immunoprecipitation
Expression of select FLAG-ERβ1-interacting proteins identified in mass spectrometry, were first examined by Western blot analysis in each cell line. Because EGFR overexpression and mutations are linked to aggressive tumor biology including therapeutic resistance and poor clinical outcome in NSCLC [54, 55] and since EGFR was previously reported to interact with ERβ [51] and ERα [56] , we performed western and immunoprecipitation (IP) assays to examine ERβ-EGFR interaction. EGFR protein expression was higher in A549 than H1793 cells and A549 expresses both the 170 kDa (wild type) and a 145 kDa (vIII variant) of EGFR ( Figure 3A) . The 145 kDa EGFR (Δ 2-7) is a constitutively activated protein that is located in the plasma membrane and cytoplasm, is not regulated by EGF [57] and was reported to enhance the malignant phenotype [58, 59] . Incubation of FLAG-ERβ1 with WCE followed by IP with FLAG affinity beads showed interaction of ERβ with 170 kD EGFR in both control and E 2 -treated samples in H1793 but not in A549 cell lines ( Figure 3B ). EGF blocked ERβ-EGFR interaction and E 2 did not rescue this inhibition in H1793 cells ( Figure 3B) . Surprisingly, when A549 cells treated with EGF were IP'ed with FLAG affinity beads and ERβ, we observed EGFR-ERβ interaction and E 2 blocked this interaction ( Figure 3B ). These results are commensurate with a previous report that EGF increased ERβ-EGFR interaction and E 2 blocked ERβ-EGFR interaction in REN mesothelioma cells [51] .
MS/MS analysis identified calmodulin (CALM) interaction with FLAG-ERβ in the EtOH-treated H1793 cells and EtOH-and E 2 -treated A549 cells (Table 2) . Because CALM was reported to interact selectively with ERα and not ERβ [37] and with EGFR [60] , we evaluated interaction of ERβ with CALM. Co-IP/western analysis confirmed ERβ-CALM interaction in the EtOH-and E 2 -treated H1793 cells and ligand independent ERβ-CALM interaction in A549 cell line ( Figure 3B ). These data provide the first evidence that ERβ interacts with CALM. Previous studies established that CALM directly interacts with ERα but not ERβ and the lack of interaction of ERβ with CALM was reported to be caused by a lack of CALM binding site conservation in ERβ [37] . Taken together, these results may be interpreted as indicating a non-direct interaction between ERβ and CALM. One possible explanation for our results is that ERα/ ERβ heterodimers may interact with CALM via ERα-CALM interaction. Since H1793 and A549 express ERα and ERβ, it is likely that ERα/ERβ heterodimers exist in both cell lines. An alternative explanation is that the interaction may be indirect, for example, known CALMinteracting proteins include EGFR, myosin, and DDX5 http://www.hprd.org/ that also interact with ERβ, thus providing potential 'bridging partners'.
Interaction of endogenous ERb with EGFR
Because we identified proteins by interaction with baculovirus-expressed FLAG-ERβ protein, the next logical step was to confirm interaction of endogenous ERβ with the same proteins. Immunoprecipitation of WCE from H1793 and A549 cells with ERβ antibody (Millipore) detected ligand-dependent interaction of endogenous ERβ with EGFR in H1793 and A549 cell lines ( Figure  4A and 4B). EGFR interacted with endogenous ERβ in H1793 cells treated with either EtOH or E 2 . EGF blocked EGFR-ERβ interaction and E 2 did not affect the inhibition of EGFR-ERβ interaction seen with EGF treatment ( Figure 4A ). As seen for FLAG-ERβ in the co-IP studies, endogenous ERβ-EGFR interaction was not detected in the EtOH-and E 2 -treated A549 cells (Figure 4B) . However, EGFR was co-IP'ed with endogenous ERβ in A549 cells treated with EGF or EGF plus E 2 ( Figure 4B ). The molecular mechanism underlying these differences is unknown, but likely depends on cell-specific proteins that interact with both ERβ and EGFR. We were unable to perform the control blot for ERβ since IgG and ERβ have similar MWs. To test if ERβ interacts with EGFR in other lung adenocarcinoma cell lines, IP studies were performed using WCE from H1944 and H1792 lung adenocarcinoma cell lines from a female and male patient respectively ( Figure 4B ). Immunoprecipitation of ERβ in WCE from H1944 cells showed a pattern similar to that seen in H1793 cell lines: EGFR interacted with ERβ in the EtOH-and E 2 -treated H1944 cells and EGF blocked EGFR-ERβ interaction ( Figure 4B ). ERβ-EGFR interaction was not detected in H1792 cells ( Figure 4B ). We conclude that the gender of the patient from whom the lung adenocarcinoma cell line was derived correlate with endogenous ERβ interaction with EGFR, although there is some suggestion of a male-bias toward ERβ-EGFR interaction. Further studies with more samples and primary tumors will be required to verify any gender-dependence.
Subcellular localization of EGFR and ERb in lung adenocarcinoma cells
To further examine endogenous ERβ-EGFR interaction, and to assess whether subcellular localization is important in ligand-dependent interaction between ERβ and EGFR detected in co-IP studies, we performed immunofluorescent staining for ERβ and EGFR in EtOH-treated cells or in cells treated with E 2 , EGF, or both E 2 and EGF for 1 h ( Figure 4C , Additional file 11, Figure S7 ). First, we observed cell line-dependent differences in EGFR cellular localization between EtOH-and E 2 -treated cell lines derived from male (A549 and H1792) versus from female (H1793 and H1944) patients ( Figure  4C ). In EtOH-and E 2 -treated A549 and H1792 cells, EGFR was predominantly localized to the plasma membrane junction between cells and ERβ was cytoplasmic. In EtOH-and E 2 -treated H1793 and H1944 cell lines, EGFR showed plasma membrane localization, but also showed cytoplasmic and nuclear localization. These observations provide an explanation for the differences between ERβ/EGFR interaction in EtOH-and E 2 -treated male versus female derived cell lines. Surprisingly, EGF treatment resulted in a dynamic migration of EGFR into the cytoplasm and nucleus for all cell lines ( Figure 4C ). Although EGFR is a plasma membranebound receptor, a number of recent reports have validated nuclear EGFR localization and suggest a potential role the nuclear EGFR in tumor response to therapy [55] . For example, nuclear EGFR contributed to resistance to cetuximab in cancer cells including NSCLC [61] . To our knowledge, an association between gender differences and nuclear EGFR in lung adenocarcinoma is unknown. Women with lung adenocarcinoma are more sensitive to Gefitinib therapy and have greater overall survival than men because EGFR mutations are more prevalent in females [62] . Constitutively active EGFR mutants, e.g., L837Q and L723-P729insS, in NSCLC display cell-surface clustering even in the absence of EGF and are internalized from the cell surface [63] . Precisely how gender affects intracellular dynamics of EGFR, whether wildtype or mutant, following ligand-activation of EGFR is unknown and is the topic of ongoing investigation.
Interaction of endogenous ERb with BRCA1
Several ERβ-associated proteins were found in the DNA repair function/network identified by IPA suggesting that DNA-bound ERβ may be involved in DNA repair, e.g., transcription-coupled DNA repair [64, 65] . Because BRCA1 interacts directly with ERα and forms a complex between ERα and CBP that inhibits E 2 -stimulated ERα activity [66] , we further investigated the possible BRCA1-ERβ interaction. The BRCA1 interaction site with ERα is LBD/AF2 region (aa 282-420) [67] . ERβ contains LBD/ AF2 domain within 63% identities/87% positives to ERα protein, indicating the possibility of enough sequence/ conformation within the LBD of the two subtypes for BRCA1 interaction. Further, low levels of BRCA1 have been reported in women with NSCLC [68] . Co-IP experiments showed that BRCA1 interacted with endogenous ERβ in E 2-, EGF-and E 2 /EGF-treated A549 and in E 2 -and EGF-treated H1944 cells, but not in H1793 or H1792 cells ( Figure 5A ). Nuclear BRCA1 has been reported play a variety of roles including DNA repair, regulation of gene transcription, cell growth and apoptosis [69, 70] . Western blot analysis of NE confirmed nuclear localization of BRCA1 in EtOH-and E 2 -treated A549 cell lines and BRCA1 was co-immunoprecipitated with ERβ in E 2 -treated A549 cells ( Figure 5B ). Future studies will examine if the E 2 -stimulated ERβ-BRCA1 interaction mediates estrogenic responses in A549 cells.
To provide translational relevance to our studies, we examined the interaction of ERβ with BRCA1 in 8 human lung adenocarcinomas ( Figure 5C and Table 1 ). BRCA1 was immunoprecipitated with endogenous ERβ in tumor samples # 1002800 and #1003775 ( Figure 5C and Table 1 ). Both tumors were poorly differentiated, one from a male and another from a female NSCLC patient. Importantly, ERβ-BRCA1 interaction was not detected in normal lung tissue from the same patients (# 1002800 and #1003775) showing ERβ/BRCA1 interaction in the tumor ( Figure  5C ). This suggests a 'gain of function' of BRCA1-ERβ interaction in the tumor. These data along with the IPA pathway analyses (Figure 2 and Additional file 7, Figure  S3 ) suggest the potential ability of tumor suppressor BRCA1 to regulate the genomic ERβ signaling pathways in lung cancer, perhaps similar to BRCA1 function in breast cancer [71] . Further studies will be needed to assess the clinical significance of ERβ-BRCA1 interaction in NSCLC.
Conclusions
In summary, these studies identified 27 ERβ-interacting proteins in two lung adenocarcinoma cell lines: H1793 and A549, and demonstrated cell-and ligand-specific differences in protein-ERβ interaction. Notably, IPA analysis identified 12 of the ERβ-interacting proteins as having roles in cancer progression and metastasis with 4 of these proteins having established roles in NSCLC, i.e., EEFIA, MYL12A, TUBB2A, VIM1 (Table 3) . IPA analysis revealed that the proteins identified as interacting with ERβ are involved in cell movement, cell morphology, cellular assembly and organization, cell cycle and death, protein synthesis, and DNA replication, recombination and repair. The top network identified was "tissue development, cell morphology and genetic disorders". This functional network is linked by nongenomic/membrane-initiated ER signaling pathways with NFB, ERK1/2, TGFB1, and EGFR signaling pathways and with the traditional genomic ER pathway. IPA identified EGFR as a part of the "drug metabolism, endocrine system development and function network" for ERβ-interacting proteins identified in our FLAG-ERβ pulldown. We confirmed that endogenous ERβ and EGFR interact and that E 2 and EGF differentially modulate ERβ and EGFR interaction and subcellular Figure 5 Interaction of the endogenous ERb with BRCA1. A: A549, H1793 and H1792 cells were treated with 10 nM E 2 , 10 ng/ml EGF, or the combination for 1 h. 300 μg WCE were incubated with rabbit polyclonal ERβ antibody (Millipore), immunoprecipitated using a Protein G beads or rabbit IgG (negative control), and immunobloted using BRCA1 ab. The membranes were stripped and reprobed for ERβ. BRCA1 bands were identified in the IP from E 2 -, EGF-, E 2 +EGF-treated A549 cells and E 2 -and EGF-treated 1944 cells, but not in H1793 and H1792 cell. B: A549 cells were treated with 10 nM E 2 for 1 h. 300 μg NE were incubated with ERβ (H150) ab, immunoprecipitated, and immunobloted using BRCA1 ab. BRCA1 bands were identified in the NE from E 2 -treated A549 cells. C: 300 μg WCE from normal human lung tissue (N) or tumor human lung tissue (T) were incubated with ERβ (H150) ab, immunoprecipitated, and immunoblotted with BRCA1 ab. BRCA1 bands were identified only in the IP from two tumor samples from patients #1002800 and 1003775. The membranes were stripped and reprobed with β-actin (ACTB) as a loading control and then stripped and re-probed for ERβ. ERβ bands were identified in the WCE from normal or tumor lung tissue. IgG bands overlapped with ERβ in IP samples. distribution in a ligand-and cell line-dependent manner. Further, we identified BRCA1 as an endogenous ERβ-interacting protein in lung adenocarcinoma cell lines and in human lung adenocarcinomas. Further studies will be required to determine the precise role of these ERβ-interacting proteins as therapeutic targets or biomarkers in lung adenocarcinoma.
Additional material
Additional file 1: Supplemental Figure 1 : Experimental design for identification of ERb-FLAG interacting proteins in transfected A549 and H1793 lung adenocarcinoma cells. A549 and H1793 cells were incubated in phenol red-free medium with 5% DCC-stripped serum for 3 days prior to 1 h treatment with ethanol (EtOH, 1:1,000 dilution) or 10 nM E 2 . WCE (1 mg) from H1793 and A549 was preincubated with or without 355 fmol rhFLAG-ERβ for 1 h at 4°C and added to EZview™™Red ANTI-FLAG-M2 affinity beads (Sigma) followed by overnight incubation at 4°C with rotation. After rinsing, as indicated, proteins were eluted with 6 M urea and digested with trypsin prior to LC-MS/MS analysis described in Materials and Methods. In parallel, samples of eluted proteins were separated by SDS PAGE gels and were stained with silver or were transferred for western blot. These western blot images demonstrate ERβ-protein capture. Ingenuity Pathway Analysis (IPA) was used to identify defined canonical pathways and functional classifications of the identified ERβ-interacting proteins. Figure 2 : Confirmation of the immunoprecipitation of ERb. WCE prepared from EtOH or E2-treated H1793 and A549 cells were incubated with FLAG-ERβ as described in Materials and Methods. FLAG-ERβ and interacting proteins were immunoprecipitated using Anti-FLAG M2 affinity beads (Lanes 1-4) and after elution 10 μl of the 100 μl samples was loaded. As a negative control, WCE were incubated with the FLAG beads (Lanes 5-6). Lane 7 was 35.5 fmol rhFLAG-ERβ. The blot was probed with ERβ (H150) antibody. A band at 59 kDa corresponding to ERβ was identified in the IP of H1793 and A549 cell lysates incubated with purified rhFLAG-ERβ protein but not in H1793 or A549 cell extracts incubated with FLAG beads without added rhFLAG-ERβ protein, demonstrating the specificity of the immunocapture for FLAG-ERβ. A nonspecific band of 50 kDa (NS) that was recognized by the ERβ antibody was bound by the FLAG beads in the A549 cells. This may be a splice variant of ERβ. The efficiency of eluting rh-FLAG-ERβ from beads was evaluated by counting the integrated optical densities (IOD) by Un-Scan-It (Silk Scientific, Orem, UT, USA). IODs bands of interest were divided to the control 35.5 fmol rhFLAG-ERβ and counted as %. 
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